We have computed from first principles the structural, magnetic and optical properties of zig-zag oriented silicene nanoribbons. The minimal width for structurally stable planar structure having zig-zag edges corresponds to a 4-chains ribbon. Its ground state presents reconstructed and spin polarized edges, coupled antiferromagnetically. For this state, and for the corresponding excited state with ferromagnetically coupled edges, we computed the optical absorption spectra within the independent particle approximation, including local field effect corrections, for light polarized in the directions parallel and perpendicular to the ribbon axis. For the "parallel" light polarization the inclusion of local fields effects is limited to a slight reduction of the intensity of the main peak in the infrared region, as well as that of some minor peaks in the visible-ultraviolet structure. Conversely, the computed optical spectrum for light polarized perpendicularly to the ribbon axis shows that the short-width zig-zag nanoribbons are basically transparent in the infrared and visible region, because of the effect of electronic confinement combined with local fields.
Introduction
Silicene, the silicon analogous of graphene, is a honeycomb structure, essentially retaining the two-dimensional (2D) character of graphene, but made by silicon instead of carbon. As a free-standing material, silicene is predicted to display an electronic band-structure characterized by Dirac's cones, being stable in a buckled configuration [1, 2] . The practical interest and potential applications of silicene for future electronic devices arose from the well-known limits of the traditional device down-scaling, which has reached the bounds of electrostatics and short-channel effects threatening the continuance of Moore's law. In fact, the electronic industry has already moved to thin film channel devices. Silicene is indeed a promising material to reach the ultimate limit of channel thickness [3] .
Further, the prediction of planar pseudomorphic heterostructures based on silicene [4] suggests a new scenario, where ultra-scaled 2D devices can be tailored according to the need of the electronic industry. Silicene can benefit of its compatibility with the current industrial processes based on the silicon technology. The recent experimental measurement of a 2D silicene sheet on metallic substrate [5] [6] [7] [8] [9] has triggered further attention on these materials [10] [11] [12] [13] . However, the strong coupling between the epitaxial silicene lattice and its metal hosting substrate [14] inhibits the required semiconducting properties and represents a drawback in the fabrication of functional electronic devices.
The opening of an energy gap is also necessary for on/off switching. A possible way to achieve this condition in silicene consists in restricting the geometry into one dimension, by constructing nanoribbons, i.e. silicene stripes of finite width. Ab-initio calculations predicted that free-standing silicene nanoribbons with zig-zag edges have an antiferromagnetic semiconducting ground-state [15] , which may find some possible applications in nanoelectronics and spintronics. For this reason, in the present work we limited our study to zig-zag terminated silicene nano-ribbons and evaluate the relaxed geometry, the electronic properties, and the optical absorption spectra of the silicene ribbon with zigzag edges having the shortest width: the 4-chains zig-zag silicene nanoribbon (4-ZSiNR).
Our paper is organized as follows: in Section 2 we give a brief account of the computational techniques we used. In Section 3 we present the relaxed structure and the electronic properties, and we discuss the effect of spin-orbit coupling on the electronic band-structure in Section 4. In Section 5 we present and discuss our results for the absorption spectra for both light polarization parallel and perpendicular to the 
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Computational methods
The structural and electronic properties of the nanoribbons were computed in the framework of the Density Functional Theory (DFT), using the Quantum Espresso (QE) open-source code [16] . We employed a fully relativistic norm-conserving pseudopotential, generated with the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional [17] and we expanded the wavefunction in plane waves up to a kinetic energy cutoff of 75 Ry.
We describe the geometric structure of the ribbon with a tetragonal supercell, in which a vacuum region of 15 Å is set in the directions perpendicular to the ribbon axis in order to avoid unphysical interactions between the periodic repeated replicas of the unit cell. The cell was doubled along the ribbon direction, in order to reproduce the (2 × 1) edge reconstruction reported in the literature [2, 15] . The Brillouin Zone (BZ) was sampled with a uniform 45 × 1 × 1 Monkhorst-Pack (MP) [18] grid in the non magnetic (NM) and ferromagnetic (FM) configuration and with a uniform 15 × 1 × 1 MP grid in the antiferromagnetic (AFM) case. The atomic positions and the lattice constant were relaxed using the Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm [19] with a threshold on the forces of 0.25 meV/Å.
All the optical spectra calculations were carried out using the YAMBO code [20] . The macroscopic dielectric constant was computed using 236 empty states and a 25 × 1 × 1 MP grid of k-point for the AFM ribbons and a 60 × 1 × 1 for the FM ones. The effect of the local fields has been taken into account with an energy cutoff of 1 Ry and 2 Ry for the FM and the AFM configuration, respectively. Those values differ because the greater number of k-points used to sample the BZ of the FM 4-ZSiNR requires more computational resources forcing us to limit the values of the other parameters.
Structural and electronic properties
In the present work, we consider 4-chains zig-zag silicene nanoribbons (4-ZSiNRs), since this structure corresponds to the minimum width in which silicene is stable in the ribbon geometry with zig-zag edges. In fact, a zig-zag ribbon composed of 3-chains reconstructs in a 1D-wire-like structure, as shown and discussed in the appendix. We constructed 4-chain zig-zag silicene nanoribbons by cutting stripes from the geometric structure of the low-buckled honeycomb silicene as a starting point for structural optimizations.
The relaxed atomic positions of the structure with lower energy is displayed in the top-panel of Fig. 1 . The structure presents a triangle- pentagon (TP) pair reconstruction at the edges. The lowest-energy state of this structure exhibits a magnetic configuration with opposite spin orientations between the two edges, each of them being ferromagnetically ordered, as shown by the charge density reported in the bottom panel of Fig. 1 . We will refer to this structure as the antiferromagnetic (AFM) configuration. This globally AFM structure is a magnetic semiconductor with an indirect bandgap of 0.194 eV, and is the ground state of the system. At variance, if the structural optimization starts with a globally ferromagnetic state (i.e., same spin polarization on both edges), the system relaxes to a local minimum of the energy, slightly higher than the ground state. The corresponding electronic structure for the magnetic configuration with the same spin, i.e. for a globally ferromagnetic (FM) state, shows that the system is a semimetal, as long as the spin-orbit interaction is neglected.
The electronic band-structure for AFM and FM configuration are displayed in Fig. 2 . The AFM ribbon is a magnetic semiconductor with indirect bandgap of ≃0.2 eV; its electronic bands are doubly degenerate as an effect of the combination of time reversal and inversion symmetries. The FM ribbon is a magnetic semi-metal with distinct spin up and spin down bands. At the Fermi energy the spin up and spin down bands display a linear dispersion, thus forming the analogous of a Dirac cone, in one dimension.
Spin-orbit effects on the band structure
We investigated the effect of spin orbit polarization in confined nanostructures. The inclusion of the spin-orbit coupling in the AFM 4-ZSiNR TP structure further lowers the total energy by 0.2 meV per atom but it does not affect the band structure. The bands, shown in the left panel of Fig. 2 remain still double degenerate, since the spinorbit term, that in atomic physics is proportional to the scalar product between spin ( S ! ) and angular momentum (
, is invariant both for time-reversal and for spatial inversion symmetry. As for the AFM structure, for the FM structure we also find a total energy lowering of 0.2 meV per atom due to the inclusion of spin-orbit effects. However, as can be noticed in the right panel of Fig. 2 in this case the inclusion of the spin-orbit coupling also affects the band structure, by opening a small gap of 4.5 meV at the crossing point. This value is higher than the one found in 2D silicene (1.55 meV) [21] , due to the larger buckling of edge atoms with respect to the case of an infinite honeycomb silicene layer, induced by a more pronounced sp 3 hybridization.
The spin-orbit coupling has in fact a greater effect on the sp 3 hybridization than on the sp 2 one. Indeed, the splitting due to spinorbit coupling observed in the band-structure of 3D bulk silicon, being totally sp 3 hybridized, amounts to the value of 42.6 meV [22] .
Optical properties
The optical absorption -a property of paramount importance for technological exploitation -is proportional to the imaginary part of the macroscopic dielectric function, ε M (ω). The latter can be obtained from microscopic quantities such as the response function χ G,G′ (q, ω) [23, 24] . Response functions can in turn be computed on the basis of transition matrix elements between electronic states, with the inclusion of both interband and intraband transitions in the case of metals.
In the framework of Many-Body Perturbation Theory, several approximations can be used, corresponding to increasing levels of theoretical refinement, ranging from the simplest approach, i.e. the bare independent particle-random phase approximation (IP-RPA), to more complete approaches where, e.g., local fields and/or excitonic effects are included. In the long wavelength limit, which is appropriate for spectra obtained by Ultraviolet-Visible Spectroscopy (UV-VIS), the macroscopic dielectric function ε M can be expressed as:
involving only the G = 0, G′ = 0 "head" of the appropriate inverse microscopic dielectric function written in reciprocal space as [23] :
Here, v is the Coulomb potential, χ GG′ (qω) is the reducible polarizability, that in the RPA is expressed in terms of the irreducible polarizability as:
where the non-interacting response function χ GG′ 0 (q ω) is constructed from the Kohn-Sham eigenvalues, eigenfunctions, and occupations (ε, ψ, and f; V is the unit-cell volume):
In this work, we investigate the role played by different approximations, starting from the bare independent-particle (IP) approximation, in which only the G ≠ 0, G′ ≠ 0 term of the response function from Eq. (3) is taken into account. The local-field (LF) effects are completely neglected within this approximation; they can be included by summing explicitly the G ≠ 0, G′ ≠ 0 components of the response function in Eq. (2).
Dielectric response of AFM 4-ZSiNR
We report in Fig. 3 the imaginary part of the dielectric function of the AFM 4-ZSiNR, for light polarization parallel to the ribbon axis ( Fig. 3(a) ) and perpendicular to it (Fig. 3(b) ), i.e., for light polarized along the x and y directions marked in Fig. 1 . The black dashed lines represent the IP-RPA results, while the green lines represent the RPA ones, in which the local fields are taken into account. An energy cutoff of 2 Ry is used for the G vector contribution in reciprocal space. Note that Fig. 3  (a) and Fig. 3(b) are depicted with the same scale on the vertical axis in order to reveal the polarization dependence in the absorption spectrum. The parallel light polarization absorption spectrum at IP-RPA level is characterized by a main absorption peak at 0.3 eV, which is due to the transitions between the highest unoccupied and the lowest unoccupied bands, around the Fermi level, in the first half BZ. There, these two bands run almost parallel, with an energy difference of 0.3 eV, indeed. We notice also a weaker absorption peak at 0.8 eV. The perpendicularly polarized light at IP-RPA level shows some peaks, whose intensity is much smaller than that one of the parallel light polarization.
When the inhomogeneities of the system are taken into account through the inclusion of the local field effects, the spectrum with light polarized in the parallel direction is slightly affected. We notice only a small reduction (15%) in the intensity of the main absorption peak at 0.3 eV and of the peak at 1.8 eV. Conversely, a huge suppression of the intensity occurs in the spectrum of the perpendicular light polarization, making the nanoribbon almost transparent below 5 eV. This strong reduction of the intensity for the perpendicular light polarization is typical of the 1D confined systems. Indeed, it has been found by first principle calculations in silicon [25] and germanium [26] nanowires and experimentally observed in carbon nanotubes [27] . This effect is mainly due to the anisotropies in nanostructured systems.
In anisotropic nano-structures it is important to include the microscopic components generated in response of a macroscopic external field especially in the shortest directions where confinement effects are more important, because the so-called LF or depolarization effects involve local contributions as the induced microscopic variations of the Hartree potential: in our case, LF effects suppress absorption at lower energies when the light polarization is perpendicular to the nanoribbon edges, while small modifications to the spectra are observed for parallel polarization.
Dielectric response of FM 4-ZSiNR
Let us consider now the FM 4-ZSiNR. We recall that the spin-orbit coupling opens a small gap around the crossing point of spin-up and spin-down band at the Fermi level. Given the smallness of the band gap, and since these states around the Fermi level, being those that mainly contribute to the optical properties at low energy, show a significant dispersion with k, we need to use a denser k-mesh in order to sample adequately the bands around the gap.
Therefore, after solving the Kohn-Sham equations with a 45 × 1 × 1 k-grid, we perform the computation of the wavefunction and the eigenvalues on a 60 × 1 × 1 k-grid. The optical response both for parallel and perpendicular light polarization is reported in Fig. 4 . Fig. 4 is depicted with the same vertical axis scale of Fig. 3 in order to compare them.
We notice that the main absorption peak of the AFM 4-ZSiNR for the parallel light polarization is converted in a Drude-like peak for small frequencies, which is clearly due to the transitions between states in correspondence of the small energy gap. Apart from the shift of the main peak, the absorption spectrum of the FM 4-ZSiNR resembles the AFM one, showing the same peak at 0.9 eV. The Drude-like peak constitutes the fingerprint of the FM 4-ZSiNR and could be used to distinguish experimentally the two different magnetic configurations.
In Fig. 4(b) we can see that the intensity of the spectrum corresponding to the perpendicular light polarization is suppressed with the inclusion of the local fields effects, due to anisotropies. The lower cutoff energy used for FM 4-ZSiNR than that used for the AFM 4-ZSiNR is already sufficient to suppress the intensity of the perpendicular light polarization, without changing appreciably the one for parallel polarization. Thus, for both antiferromagnetic and ferromagnetic polarization of spin of edges states, in the infra-red and visible range of the spectrum the ribbon is transparent for light polarized perpendicular to its axis, while it absorbs radiation for light polarized parallel to its axis, thus acting as a light polarizer on nanometer length-scale.
Conclusions
Summarizing, we determined the minimum width at which a silicene zig-zag nanoribbon is structurally stable. We evaluated its electronic structure and the influence of spin-orbit effects that are found to open a band gap in the ferromagnetically coupled configuration. As a preliminary step we computed the absorption spectrum within the bare independent-particle approximation. The inclusion of the localfield effects suppresses the intensity of the absorption spectrum for the light polarization perpendicular to the nanoribbon axis, making the nanoribbon almost transparent, whereas more intense features computed in the dielectric constant for parallel light polarization are preserved. These differences in absorption/transmission of light polarized parallel or perpendicular to the axis of the nanoribbon, make short-width SiNRs promising candidates as absorptive linear polarizers from infrared to ultra-violet frequencies in forthcoming ultra-scaled devices.
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